Background Several studies have reported that morbid obesity is associated with increased thyroid-stimulating hormone (TSH) levels. However, it is not clear what is the impact of bariatric surgery on postoperative thyroid function. The aim of this study was to evaluate the effect of weight loss after bariatric surgery on TSH levels in euthyroid patients with morbid obesity. TSH, free thyroxine (FT4), free triiodothyronine (FT3), type of surgery, and excessive body weight loss (EBWL) on TSH variation 12 months after surgery was evaluated.
Introduction
Obesity is one of the most common diseases in developed countries, affecting more than 600 million adults worldwide [1] . It is associated with several comorbidities and endocrine abnormalities, including thyroid dysfunction [2] . The most effective treatment of obesity to date is bariatric surgery [3, 4] . Several comorbidities and endocrine abnormalities are known to reverse after bariatric surgery [3] [4] [5] [6] .
Thyroid hormone axis plays an important role in body weight balance, with hypothyroidism being associated with weight gain and hyperthyroidism promoting weight loss [2, 7] . Even within the normal range, variations of thyroid function have been associated with significant weight variation [8, 9] . On the other hand, obesity, particularly morbid obesity, has been associated with significant alterations of thyroid function [10, 11] . Most studies reported increased serum thyroidstimulating hormone (TSH) concentrations in patients with morbid obesity [10, 11] . The mechanism and the clinical implications of this alteration remains uncertain. Furthermore, the effect of bariatric surgery on postoperative thyroid function remains incompletely understood with previous studies showing contradictory results regarding the variation of TSH after bariatric surgery and the relation of TSH variation with postoperative weight loss [12] [13] [14] [15] [16] [17] [18] [19] . Therefore, our aim was to evaluate the effect of weight loss after bariatric surgery on TSH variation in patients with morbid obesity and normal thyroid function.
Materials and Methods

Study Design and Participants
We performed a retrospective observational study evaluating patients with morbid obesity and normal preoperative thyroid function submitted to bariatric surgery in our institution between January 2010 and June 2015. Patients were excluded if they had a history of thyroid disease, treatment with thyroid hormone, antithyroid drugs, amiodarone or lithium, or if TSH or free thyroxine (FT4) was not within the normal reference range before the surgery (TSH <0.35 or >4.94 mU/L, or FT4 < 0.70 or >1.48 ng/dL). Patients missing preoperative TSH or FT4 and those missing TSH 1 year after surgery were also excluded. Of the 1450 patients submitted to bariatric surgery in our institution during the study period, after applying the exclusion criteria, 949 patients were included in our analysis.
Patients were subdivided in two groups: normal TSH group that included patients with serum TSH levels below 2.5 mU/L and high-normal TSH group including those with a serum TSH level equal or superior to 2.5 mU/L. This cutoff was selected based on previous reports that indicate that more than 95% of healthy individuals have TSH levels below 2.5 mU/L [20, 21] .
Clinical Parameters Evaluated
The following preoperative parameters were evaluated: age, sex, body mass index (BMI), waist to hip ratio (WHR), blood pressure (BP), TSH, FT4, free triiodothyronine (FT3), history of diabetes, dyslipidemia and hypertension, and the type of bariatric surgery performed [laparoscopic adjustable gastric band (LAGB), Roux-en-Y gastric bypass (RYGB) or sleeve gastrectomy (SG)]. TSH serum levels 12 months after surgery and the excessive body weight loss in percentage (EBWL) 12 months after surgery were also evaluated.
Diabetes was defined by fasting plasma glucose ≥126 mg/ dL, glycated hemoglobin ≥6.5%, 2-h plasma glucose after a 75-g oral glucose tolerance test ≥200 mg/dL, or the use of antihyperglycemic drugs. Hypertension was defined as systolic BP ≥140 mmHg, diastolic BP ≥90 mmHg or the use of antihypertensive drugs. Dyslipidemia was defined by the use of lipid-lowering agents, serum low-density lipoprotein (LDL) cholesterol ≥160 mg/dL, serum high-density lipoprotein (HDL) cholesterol <40 mg/dL, or serum triglycerides ≥200 mg/dL. EBWL was calculated using the formula: [(preoperative weight−current weight) / (preoperative weight−ideal weight to produce BMI 25 kg/m 2 )] × 100. TSH, FT4, and FT3 were measured on serum, obtained from blood samples during clinical evaluations, by chemiluminescence immunoassay on the Abbott Diagnostics Architect system (Abbott Diagnostics).
Statistical Analysis
For continuous variables, independent t tests (for comparison between groups) or paired t tests (for comparisons within the same group at different times) were performed. Differences between groups regarding categorical variables were evaluated with chi-squared test. To evaluate the effect of preoperative parameters on TSH variation after surgery, we used simple linear regression and multiple linear regression models. Results are presented as mean ± standard deviation for continuous variables and as percentages for categorical variables. Statistical analyses were performed with Stata software, version 14.1 (StataCorp). We considered a two-sided P value less than 0.05 to be statistically significant.
Results
Baseline Population Characteristics
Among the 949 patients analyzed, 86.1% were female and the mean age was 42.0 ± 10.3 years. The patients presented a mean preoperative weight of 116.4 ± 18.6 kg, a mean preoperative BMI of 44.3 ± 5.7 kg/m 2 , and a waist circumference of 123.7 ± 13.3 cm (Table 1 ). Thirty percent of the patients had diabetes, 44.1% dyslipidemia, and 60.6% hypertension. The baseline serum TSH level was 1.97 ± 0.88 mIU/L, FT4 was 1.05 ± 0.13 ng/dL, and FT3 was 3.20 ± 0.45 pg/mL. The surgical procedure most performed was RYGB (58.6% of patients), followed by LAGB (20.9%) and SG (20.6%).
Seven hundred twenty-three patients (75.7%) had a TSH level below 2.5 mU/L and were included in the normal TSH group. Two hundred thirty-two (24.3%) were included in the high-normal TSH groups. The groups were not significantly different regarding most clinical and laboratorial parameters (Table 1) , with exception of sex (92.6% female in high-normal TSH group vs 84.0% in normal TSH group, p = 0.001), BMI (45.1 ± 6.0 kg/m 2 in high-normal TSH group vs 44.1 ± 5.5 kg/ m 2 in normal TSH group, p = 0.016), systolic blood pressure (135.9 ± 17.8 mmHg in high-normal TSH group vs 132.4 ± 17.3 kg/m2 in normal TSH group, p = 0.011), and FT3 (3.35 ± 0.47 pg/mL in high-normal TSH group vs 3.15 ± 0.44 pg/mL in normal TSH group, p < 0.001).
Weight Loss 12 months After Bariatric Surgery
The mean EBWL 12 months after bariatric surgery was 69.5 ± 25.6% and the mean BMI decrease after surgery was 13.19 ± 5.38 kg/m 2 . The weight loss after bariatric surgery was not significantly different between groups (EBWL, 69.6 ± 26.4% in normal TSH group vs 69.0 ± 23.0% in high-normal TSH group, p = 0.736; BMI decrease, 1 3 . 0 0 ± 5 . 4 2 k g / m 2 i n n o r m a l T S H g r o u p v s 13.75 ± 5.21 kg/m 2 in high-normal TSH group, p = 0.073). Regarding the weight loss per type of bariatric surgery, RYGB was associated with significantly higher EBWL and BMI decrease than SG and LAGB (p < 0.001), and SG was associated significantly higher EBWL and BMI decrease than LAGB (p < 0.001). The mean EBWL was 79.1 ± 19.4% for RYGB, 70.8 ± 22.8% for SG, and 40. 4 
TSH Variation 12 months After Bariatric Surgery
We observed a significant decrease of TSH levels 12 months after surgery in the group of all patients. The mean TSH decreased from 1.97 ± 0.88 to 1.73 ± 0.82 mIU/L (p < 0.001).
When evaluating by baseline TSH subgroup, the TSH decrease was significantly greater in the high-normal TSH group (0.85 ± 0.84 mIU/L decrease in the high-normal TSH group vs 0.05 ± 0.62 mIU/L in the normal TSH group), and only in the high-normal TSH group this decrease was statistically significant (normal TSH group 1.57 ± 0.49-1.53 ± 0.69 mIU/L, p = 0.063; high-normal TSH group 3.23 ± 0.59-2.38 ± 0.86 mIU/L, p < 0.001) (Fig. 1) .
Predictors of TSH Decrease After Bariatric Surgery
In univariate analysis, younger age (β = 0.007, p = 0.004), higher BMI (β = −0.011, p = 0.011), higher baseline weight (β = −0.004, p = 0.004), and higher EBWL (β = −0.036, p < 0.001) were significantly associated with greater decrease of TSH after bariatric surgery. Higher baseline TSH (β = −0.439, p < 0.001) and higher FT3 levels (β = −0.325, p < 0.001) were also associated with greater decrease of TSH after bariatric surgery. In comparison with RYGB, LAGB was associated with a smaller TSH decrease (β = 0.286, p < 0.001), while no significant effect was observed comparing SG and RYGB. On the other hand, sex, the presence of diabetes, dyslipidemia or hypertension, or the systolic and diastolic pressure was not associated with the TSH variation after bariatric surgery (Table 2A) . In a multivariate analysis, after adjusting for relevant covariates, EBWL, baseline BMI, and baseline FT3 remained significantly associated with TSH decrease 12 months after bariatric surgery (Table 2B) .
Discussion
In a population of patients with morbid obesity and normal baseline thyroid function, we observed a significant decrease in TSH levels after bariatric surgery. This TSH decrease was associated with postoperative weight loss and was significantly greater in the subgroup of patients with TSH >2.5 mU/L.
Most [12] [13] [14] [15] [16] , but not all [17] [18] [19] , studies evaluating the variation of TSH after bariatric surgery have also shown a decrease of TSH after the procedure. Moulin de Moraes et al. [13] reported that in 54 euthyroid patients submitted to RYGB there was a significant decrease in TSH that was not correlated to percent change in BMI and a significant decrease in FT3 but not in FT4. In a study of 38 euthyroid patients submitted to SG, there was also significant decrease in TSH 6-12 months after surgery that was directly related to baseline TSH and not related to EBWL, without significant variation of FT4 [12] . In agreement with our results, a study of 86 patients, not taking medication that could affect the thyroid function, submitted to RYGB or LAGB found a significant decrease of TSH that correlated with the BMI variation [14] . [19] reported an absence of TSH variation after bariatric surgery. The differences between studies may be related to the type of surgery evaluated, the baseline characteristics of the patients or to the statistical power of the studies to detect differences in TSH and to detect associations with EBWL.
Although it was not evaluated in the current study, the variations of FT3 and FT4 levels after bariatric surgery are also relevant to understand the impact of this intervention on the hypothalamus-pituitary-thyroid axis. Most studies [13, 18, 19, 22] evaluating the effect of bariatric surgery on thyroid hormones showed a significant decrease of FT3. On the other hand, the impact of bariatric surgery on FT4 levels is more controversial with different studies reporting decreasing [22] , A: Univariate analysis of TSH variation at 12 months after bariatric surgery. B: Multivariate analysis of TSH variation at 12 months after bariatric surgery BMI body mass index, TSH thyroid-stimulating hormone, FT4 free thyroxine, FT3 free triiodothyronine stable [12] [13] [14] 18] , or increasing [17, 19] levels after bariatric surgery. We must highlight that this is the largest study to date evaluating the effect of bariatric surgery on TSH variation in euthyroid patients with morbid obesity and that our evaluation was not restricted to a type of surgery, including three of the most common surgeries for treatment of morbid obesity. According to our results, the decrease of TSH after bariatric surgery is related to the EBWL, and this effect is independent of the type of surgery. As expected, patients submitted to RYGB and SG presented significantly higher EBWL than LAGB. Accordingly, the decrease in TSH levels was significantly smaller in the LAGB group comparing to RYGB and SG (Table 2A) . After adjusting to EBWL, the type of surgery was no longer significantly associated with TSH variation (Table 2B) , highlighting a more relevant role of weight loss than the type of surgery per se.
In our study, one fourth of the patients had high-normal TSH levels (>2.5 mU/L). This is in accordance with previous reports of an increase of TSH with increasing body weight [23] [24] [25] . Also, in agreement with this, the subgroup with high-normal TSH levels had a higher baseline BMI. The mechanism of TSH elevation in obesity is incompletely understood. The observation that weight loss is associated with decreases in TSH and FT3 has highlighted that TSH elevation may be a consequence and not the cause of obesity [11-16, 18, 19] . Even in patients with a clinical diagnosis of hypothyroidism, there are reports of decreased levels of TSH after bariatric surgery [13, 14, 26, 27] . In two studies, all the patients with untreated subclinical hypothyroidism reached normal values of TSH 12 months after bariatric surgery [13, 14] .
The increase of TSH may represent a compensatory activation of hypothalamus-pituitary-thyroid axis in response to excessive body weight [28] . This activation appears to be mediated at least in part by hypothalamic or pituitary effects of leptin [29, 30] . In this study, the observation that FT3 is higher in high-normal TSH group further supports an activation of thyroid axis in morbid obesity.
Interestingly, the patients with higher TSH, those with higher baseline BMI and those with higher FT3 were those that presented a greater decrease of TSH 12 months after surgery. The mechanisms of TSH decrease after bariatric surgery remain incompletely understood and remain to be further elucidated. One of the most plausible explanations is the decrease of leptin levels following bariatric surgery [31] . With decreasing amount of body fat, the decreasing leptin circulating levels [32] reduce the central stimulation of the thyroid axis [29, 30] and promote a decrease of TSH. The observation that this decrease is only significant in the subgroup with baseline TSH >2.5 mU/L suggests that this decrease depends on the baseline overactivation of the thyroid axis. Morbid obesity is known to be a disease with a great heterogeneity of pathophysiological mechanisms and of endocrine adaptations [33] and, probably, only a subgroup of patients present thyroid axis overactivation and consequently TSH decrease after obesity treatment. In summary, bariatric surgery appears to promote a normalization of the thyroid axis function that in the patients with greater baseline dysregulation of the axis will lead to a greater decrease of TSH.
From a clinical point of view, our study highlights that patients with morbid obesity and that present higher TSH levels tend to normalize after bariatric surgery. This points out that caution must be employed when interpreting TSH levels in patients with morbid obesity. Values approaching the upper-limit of the reference interval may not represent a subnormal thyroid function, but a compensatory response of the thyroid axis to morbid obesity. Furthermore, our study emphasizes that the use of narrower reference ranges of serum TSH with a decrease of the upper limit of serum TSH levels, as proposed by several authors [20, 21] , is not appropriate to the diagnosis of thyroid diseases in patients with morbid obesity.
We must acknowledge some limitations of our work. First, we only evaluated FT3 and FT4 before surgery, and consequently we cannot evaluate the impact of the variation of these parameters on TSH after bariatric surgery. The absence of FT3 and FT4 levels after weight loss hampers interpretation of our findings. Second, we evaluated the variation of TSH using only two moments (before and 12 months after the surgery). As TSH levels may vary with acute illness or other interfering factors, the observed variation in individual patients may also reflect factors other than the effect of weight loss after bariatric surgery. However, as we used a large group of patients, we believe that this fact does not interfere with the interpretation of our results. And third, we only evaluated the effect on TSH levels 12 months after bariatric surgery and so, our results must not be extrapolated to the long-term effects of bariatric surgery on thyroid function. Given that most previous studies have only evaluated the effect on the first 6-24 months on a small number of patients, we believe that future studies with longer follow-up on a large number of patients are important in this field.
Conclusion
In patients with morbid obesity and normal thyroid function, bariatric surgery promotes a significant decrease of TSH levels 12 months after the procedure. This decrease is significantly greater in patients with baseline high-normal TSH levels and is independently associated with EBWL after bariatric surgery, baseline BMI and baseline FT3 levels.
